inhibitors. Recombinant enzymes were used to confirm metabolism of BEN to BA. Analytes were quantitated with established LC-MS/MS methods. Results Average apparent V max and K m were 68 ng/ mL min −1 [10 % RBC] −1 and 373 ng/mL, respectively. The conversion of BEN to BA in RBC was not inhibited by carbon monoxide, nitrogen gas, or menadione, an inhibitor of aldehyde oxidase. The conversion was inhibited by disulfiram, an inhibitor of ALDH. Of available ALDH isoforms ALDH1A1, ALDH3A1, ALDH2, and ALDH5A1, only ALDH1A1 converted BEN to BA. Conclusion The activating conversion of BEN to BA is mediated not by CYP450 enzymes or aldehyde oxidase, but by ALDH1A1. This enzyme, a potential stem cell marker, may be a candidate biomarker for clinical activity of BEN.
Introduction
Approximately 13,000 people die from metastatic renal cell carcinoma (mRCC) in the USA every year [1, 2] . Only 10-12 % of patients achieve durable complete remission with high dose interleukin-2 therapy [3] . Agents targeting vascular endothelial growth factor and its receptor along with mTOR inhibitors have shown clinical activity [4, 5] . However, responses to these agents are generally transient [6] , and there is a need for new treatment options for mRCC patients.
Benzaldehyde dimethane sulfonate (BEN, DMS612, NSC281612) is one of a family of dimethane sulfonates that have demonstrated activity in the NCI 60 cell line
Abstract
Introduction Benzaldehyde dimethane sulfonate (BEN, DMS612, NSC281612) is a bifunctional alkylating agent currently in clinical trials. We previously characterized the degradation products of BEN in plasma and blood. The conversion of BEN to its carboxylic acid analogue (BA) in whole blood, but not plasma, suggests that an enzyme in RBCs may be responsible for this conversion. BEN conversion to BA was observed in renal carcinoma cells and appeared to correlate with IC 50 . To better understand the pharmacology of BEN, we aimed to evaluate the metabolism and enzymes potentially responsible for the conversion of BEN to BA. Methods Human red blood cells (RBC) were used to characterize kinetics and susceptibility to enzyme-specific 1 3 screen. BEN is proposed to be a bifunctional alkylator with structural similarities to chlorambucil, busulfan, and melphalan. However, unlike these compounds, BEN has specific activity against renal carcinoma cells (RCC) in the NCI 60 cell line screen [7] . In addition, BEN has demonstrated antitumor activity in mice with renal carcinoma xenografts, specifically against human A498 and RXF-393 implanted subcutaneously or orthotopically under the renal capsule [personal communication, Dr. M. Hollingshead, unpublished data [8, 9] . The significant in vitro and in vivo activity against renal carcinoma has led to the ongoing evaluation of BEN in an NCI-sponsored phase I clinical trial (ClinicalTrials.gov Identifier: NCT00923520) [10] .
Preliminary experiments showed that BEN undergoes N-dealkylation in liver microsomal fraction by CYP3A, whereas it is oxidized in the cytosolic fraction [11] . Later, we found that in whole blood, but not in plasma, BEN was rapidly converted to its carboxylic acid analogue (BA) [12] . Furthermore, BEN decomposed into at least 11 different products that were structural analogs of either BEN or BA. This led us to hypothesize that the conversion of BEN to BA in whole blood is an enzymatic process [12] .
We studied the metabolism of BEN in five different RCC lines and found that the ALDH activity correlated with the amount of BA-(OH) 2 generated [12] . This further supported for the idea that the conversion of BEN to BA is enzymatic.
In this manuscript, we describe the identification of the enzyme responsible for the conversion of BEN to BA, and further characterization of the reaction in biological fluids. 2 ) was generated as previously described [13] . All solvents used for LC-MS/MS were highpurity Burdick & Jackson and purchased from Fisher Scientific Co. (Fair Lawn, NJ). Formic acid and DMSO were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). Control human blood (citrate anticoagulated) was obtained from the Central Blood Bank, Pittsburgh, PA, and plasma was prepared by centrifugation of whole blood at 2000×g at room temperature for 20 min. Nitrogen gas for the mass spectrometer was purified with a Parker Balston Nitrogen Generator (Haverhill, MA). Nitrogen gas for the sample evaporation and carbon monoxide gas were purchased from Valley National Gasses, Inc. (Pittsburgh, PA). Reduced nicotinamide adenine dinucleotide (NADH), reduced nicotinamide adenine dinucleotide phosphate (NADPH), and disulfiram used for metabolism studies were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). Cellgro phosphate-buffered saline (PBS 1×) was purchased from Mediatech (Manassas, VA).
Materials and methods

Chemicals and reagents
Analytical assays
We employed two LC-MS/MS assays: one to quantitate the metabolites generated in the blood metabolism experiments and another to quantitate BEN and BA in the purified enzyme experiments. For the blood metabolism experiments, we used a previously developed assay to quantitate the analytes in plasma [12, 13] . For the purified enzyme experiments, we developed an assay to quantitate the analytes in PBS (Assay 2). The LC-MS/MS system consisted of an Agilent (Wilmington, DE, USA) 1100 thermostated autosampler, binary pump, and a Waters (Milford, MA) Quattromicro desktop tandem mass spectrometer (QM system). The liquid chromatography was performed with a gradient mobile phase consisting of A: acetonitrile/0.1 % formic acid (v/v) and B: water/0.1 % formic acid (v/v). The mobile phase was pumped at a flow rate of 0.3 mL/min, and separation was achieved using a Phenomenex (Torrance, CA) Hydro Synergi-RP 4 micron 100 × 2 mm column. The gradient mobile phase was as follows: From time zero to until 4.5 min, solvent A was maintained at 40 % with a flow rate of 0.3 mL/min. At 4.6 min, solvent A was increased linearly to 90 %, and the flow rate was increased to 0.5 mL/ min. These conditions were maintained for 2.4 min at which time solvent A was decreased to 40 %. The run time was 12 min. During the first 2 min and the last 6 min of the LC run, the flow leaving the column was diverted to waste. The parameters for the mass spectrometer were as follows: capillary voltage of 4.0 kV, cone voltage of 20 V, and source temperature and desolvation temperature of 120 and 450 °C, respectively. Desolvation gas was 550 L/h, and LM1, LM2, HM1, and HM2 were set to 12. The entrance, exit, and collision voltages were 1, 23, and 6, respectively. The mass transitions for BEN, BA, and desmethyl-BEN were 380 > 160, 396 > 300, and 366 > 270, respectively.
Standard curves
Sample processing and standard curves for the blood metabolism assays were performed as previously described [13] . The procedure for the preparation of standard curves in PBS was the same as the procedure for the preparation of the standard curves in plasma except for the following; PBS was used instead of plasma, and only BEN and BA were quantitated from 1 to 1000 ng/mL, and desmethyl-BEN was used as the internal standard.
Determination of the effect of RBC concentration on BEN metabolism
To determine the effect of increasing RBC concentrations on BEN metabolism and to determine an adequate amount of RBCs in further experiments, metabolism was performed with different amounts of RBCs. RBCs were freshly isolated by spinning whole blood and sampling from the bottom of the resulting RBC layer, avoiding the buffy coat. RBCs were reconstituted at the desired concentration in plasma. BEN was added separately to 10 mL of plasma, 0.1 % RBCs, 1 % RBCs, and 10 % RBCs to achieve a concentration of 10 μg/mL. The samples were incubated in a shaking water bath at 37 °C. At 0, 5, 10, 15, 30, 45, 60, 120, 180, 240, 360 min, and 24 h, 500 µL aliquots were taken and processed as described above.
Experiments with carbon monoxide and nitrogen gas
Carbon monoxide (CO) gas and nitrogen (N 2 ) gas were used to determine whether a heme group or oxygen, respectively, was involved in the metabolism of BEN. Either carbon monoxide (CO) or nitrogen gas was passed through a mixture of 10 % RBCs in plasma at 37 °C for 5 min in a shaking water bath. The reaction vessels were sealed with a septum. The gasses were continuously passed into the reaction vessel using a stainless steel needle 5 min prior and throughout the experiment. A second needle was inserted in the septum to allow the gasses to escape. BEN was added to obtain a concentration of 3 µg/mL, and 200 µl aliquots were taken at 0, 60, 120, and 180 min and processed as described above.
Experiments with ALDH and AO inhibitor
Disulfiram and menadione were used to determine the effect of ALDH and aldehyde oxidase (AO) inhibitors on blood metabolism of BEN. Aliquots of 90 µL of 10 mM disulfiram in acetonitrile or 90 µl of 10 mM menadione in DMSO were added to 6 mL of 10 % RBCs to obtain a concentration of 150 µM of these compounds.
Additional experiments were conducted with increasing concentrations of menadione of 750 µM and 3 mM. An aliquot of 90 µL of DMSO was added to separate tubes as a solvent control. The resulting mixtures were incubated at 37 °C for 10 min in a shaking water bath before BEN was added to obtain a concentration of 1 µg/mL. Aliquots of 500 µL were taken at 5, 15, 30, 45, and 60 min and processed as described above.
BEN in lysed blood
To determine the effect of hemolysis on the metabolism of BEN in blood, we performed the metabolism of BEN with lysed RBCs. To lyse RBCs, a mixture of 10 % RBCs in plasma was freeze-thawed three times. A volume of 6 mL of both lysed and unlysed RBCs in plasma was incubated separately at 37 °C on a shaking water bath before BEN was added to obtain a final concentration of 10 µg/mL. Aliquots were taken at 5, 60, 120, and 180 min and processed as described above.
We hypothesized that the activity of the enzyme in RBCs could be affected by lysis through dilution of cofactors. To determine whether NADH or NADPH would restore the metabolism in lysed RBCs, we evaluated the metabolism in lysed RBC in the absence of presence of either NADH or NADPH. NADH or NADPH was added at a final concentration of 500 µM to 10 % lysed RBCs in plasma and incubated at 37 °C in a shaking water bath. Aliquots of 500 µL were taken at 5, 30, 60, 90, and 120 min and processed as described as above.
Determination of BEN blood partitioning
To determine the amount of BEN in whole blood compared with plasma, we determined the blood to plasma partitioning ratio. Ten milliliters of blood (50 % RBCs in plasma) was placed into a 15-mL conical tube and placed on ice. Disulfiram was added to obtain a concentration of 1 mM. After 10 min, BEN was added to obtain a final concentration of 1000 ng/mL. Aliquots of blood of 500 μL were taken at 5, 10, 15, 20 and 30 min and centrifuged at 12,000×g for 2 min. The resulting plasma of 200 μL was pipetted into microcentrifuge tubes that contained 10 μL of 2 M H 2 SO 4 . The amount of BEN in the plasma samples was determined by LC-MS/MS as described above. The procedure was performed in parallel in 100 % plasma to determine the total amount of BEN obtained in plasma without blood. This experiment was performed in triplicate. The blood to plasma concentration partitioning was determined by dividing the concentration of BEN obtained in the 100 % plasma experiment divided by the concentration of BEN in the plasma obtained from the BEN added to 50 % RBC experiment.
V max and K m determination
In order to determine the apparent maximum reaction rate (V max ) and the concentration at half-maximum reaction rate (K m ), different concentrations of BEN were added to 10 % RBCs in plasma, and the amount of BEN remaining was determined at various time points. BEN was added to RBCs that were pre-incubated at 37 °C for 5 min to achieve a final concentration of 10,000, 5000, 2000, 1000, 800, 600, 400, and 200 ng/mL. Aliquots of 500 µL were taken at 5, 15, 30, 45, 60, 75, 90, 105, and 120 min and processed as described above. Based on this extensive experiment, more optimal and fewer concentrations could be selected to use in further determinations of apparent V max and K m .
We determined the apparent V max and K m in six different lots of human blood. Plasma with 10 % RBCs was preincubated at 37 °C for 5 min followed by addition of BEN to achieve final concentrations of 5000 and 400 ng/mL. Aliquots of 500 µL were taken at 5, 15, 30, 45, 60, 75, 90, 105, and 120 min and processed as described above (experiments were performed in triplicate). The resulting concentration versus time data was analyzed with a one compartmental model with saturable elimination using ADAPT5 [14] . In ADAPT, we used the equations and to determine the K m and V max of each experiment.
XP(1) = velocity of 400 ng/mL reaction; V max = maximum rate of reaction; K m = concentration at half V max ; X(1) = BEN amount in 400 ng/mL incubation; V400 = reaction volume of 400 ng/mL incubation; XP(2) = velocity of 5000 ng/mL reaction; X(2) = BEN amount in 5000 ng/mL incubation; V5000 = reaction volume of 5000 ng/mL incubation.
To determine whether time had an effect on enzyme activity, we determined the apparent V max and K m of 7-dayold blood (stored at 4 °C) compared with freshly obtained blood. Plasma with 10 % RBCs was pre-incubated at 37 °C for 5 min followed by addition of BEN to achieve final concentrations of 5000 and 400 ng/mL. Aliquots of 500 µL were taken at 5, 15, 30, 45, 60, 75, 90, 105, and 120 min and processed as described above.
Metabolism using purified ALDH isoforms
To determine whether BEN is a substrate for metabolism by different isoforms of ALDH, we performed metabolism studies of BEN with purified human ALDH1A1, 2, 3A1, and 5A1 (PROSPEC, Israel) enzymes. In addition, we performed metabolism studies of BEN with these enzymes in the presence of their respective antibodies, if available, and disulfiram in an effort to inhibit metabolism.
Enzyme incubation mixtures contained 200 µM Tris-HCl buffer pH 7.4, 200 mM KCl, 4 mM DTT, 5 µg/mL purified
enzyme, and 1000 ng/mL BEN. After pre-incubation at 37 C for 10 min, NAD or NADPH (depending on the cofactor that was required for each isozyme) was added to obtain a concentration of 1 mM. Aliquots of 100 µL were taken at 0, 10, 20, 30, 45, and 60 min. The aliquots were pipetted into a microcentrifuge tube that contained 5 µL of 2 M H 2 SO 4 . Ten microliters of 1 µg/mL internal standard and 500 µL of acetonitrile were added, and the samples were briefly vortexed and centrifuged at 12,000×g for 5 min. The resulting supernatant was transferred to 12 × 75 mm glass tubes and blown down under a stream of nitrogen at 37 C. The samples were reconstituted in 100 μL of 20:80 acetonitrile/H 2 O with 5 % 2M H 2 SO 4 (v/v/v), and 10 μL was injected into the LC-MS/MS system.
Immunoprecipitation of ALDH1A1 in RBCs
To determine whether ALDH was responsible for the metabolism of BEN, we performed immunoprecipitation of ALDH1A1 enzyme and then performed BEN metabolism in RBCs. To 900 µL of immunoprecipitation buffer which consisted of 5 mM EDTA, 0.02 % sodium azide, and 18 µL of 50× protease cocktail inhibitor (BD BaculoGold), 100 µL of 50 % lysed RBCs in plasma was added. The sample was briefly vortexed and centrifuged for 10 min at 12,000×g at 4 °C. Five microliters of either ALDH1A1 purified MaxPab rabbit polyclonal antibody (D01P; Abnova, Taipei, Taiwan) or IgG polyclonal rabbit control antibody (Abcam, Cambridge, MA) was added. To a third control sample, nothing was added. The samples were placed on a rotary agitator at 4 °C. After 24 h, 100 µL of protein A Sepharose B conjugate was added to each tube, and the sample was placed on a rotary agitator for 4 h at 4 °C. The sample was then centrifuged at 2,000×g for 5 min, and the resulting supernatant was used for BEN metabolism.
The samples were placed in a shaking heated water bath at 37 °C. After 10 min, BEN was added to each sample to achieve a concentration of 1000 ng/mL and NADH was added to achieve a concentration of 3 mM. Aliquots of 100 µL were taken at 0, 15, 30, and 60 min and added to microcentrifuge tubes that contained 5 µL 2 M H 2 SO 4 . Ten microliters of 1 µg/mL internal standard and 500 µL of acetonitrile were added, and the samples were briefly vortexed and centrifuged at 12,000×g for 5 min. The resulting supernatant was transferred to 12 × 75 mm glass tubes and blown down under a stream of nitrogen at 37 °C. The samples were reconstituted in 100 μL of 20:80 acetonitrile/ H 2 O with 5 % 2 M H 2 SO 4 (v/v/v), and 10 μL was injected into the LC-MS/MS system.
Western blot
To determine whether RBCs had ALDH1A1, we performed Western blot analysis as previously described [15] . To 890 µL of cell lysate buffer containing 200 mM Tris-HCl, pH 7.4, 100 μM 4-(2-aminoethyl) benzenesulfonyl fluoride, 1 mM EGTA, and 1 % Triton X-100, 100 µL of 50 % lysed RBCs in plasma was added. Protein concentration was determined using the BCA Protein Assay kit (Pierce, Invitrogen, Grand Island, NY, USA), and 10, 20, 40, and 80 µg protein were subjected to SDS-PAGE electrophoresis (4-15 % SDS-polyacrylamide, Bio-Rad) followed by electrotransfer to nitrocellulose membranes. Membranes were blocked with 5 % nonfat milk in Tris-buffered saline and then probed with primary antibodies ALDH1A1 purified MaxPab rabbit polyclonal antibody (D01P; Abnova, Taipei, Taiwan) overnight at 4 °C. Blots were subsequently incubated for 1 h at room temperature with horseradish peroxidase-conjugated goat anti-rabbit IgG (H + L) secondary antibody (Bio-Rad, Hercules, CA, USA). The enhanced chemiluminescence (ECL) Western blotting detection system (Amersham Biosciences, Piscataway, NJ, USA) was used to facilitate the detection of protein bands.
Results
The effect of RBCs on BEN metabolism
The rate of disappearance of BEN increased as the percentage of RBCs was increased. After 1 h, the reaction that contained no RBCs had 99 % of BEN remaining, whereas the reaction with 10 % RBCs had only 54 % BEN remaining. After 6 h, the reaction with no RBCs had 59 % remaining, while the reaction with 10 % RBCs had only 5 % BEN remaining, see Fig. 1a . Another measure of metabolism is the formation of BA-(OH) 2 or lack of metabolism is the formation of BEN-(OH) 2 . The 10 % RBC reaction produced the most BA-(OH) 2 and the least amount of BEN-(OH) 2 , see Fig. 1b , c.
Effects of carbon monoxide and nitrogen gas on BEN metabolism
We performed incubations of BEN in 10 % RBCs in the presence of either carbon monoxide or nitrogen gas to determine whether a heme group or oxygen was involved in the metabolism of BEN. The metabolism of BEN was not appreciably inhibited by the presence of these gasses as the rate of disappearance of BEN appeared a little greater in the presence of the gasses. After approximately 60 min, the concentration of BEN was halved in all incubations (data not shown).
Effects of disulfiram and menadione on BEN metabolism
To determine whether the metabolism of BEN in RBCs was due to ALDH or AO, we performed incubations of metabolism, whereas the AO inhibitor menadione appeared to have only a partial inhibitory effect on the metabolism of BEN. The amounts of BEN remaining in the control, disulfiram, and menadione treated samples were 0.5, 92, and 18 %, respectively (Fig. 2a) . Since menadione caused a partial inhibition of BEN metabolism, we performed additional experiments with increasing concentrations of menadione, in order to increase the inhibition of BEN. These experiments showed that vehicle control DMSO alone (1.5 % DMSO v:v) caused the same extent of inhibition of BEN in RBCs as 3 mM menadione at the same concentration of DMSO (Fig. 2b) .
BEN in lysed blood
We performed experiments in lysed RBCs in order to determine whether a complete cell structure is required for the metabolism of BEN, or whether lysing the cells resulted in dilution of cofactors. RBCs that had been lysed before metabolism did not metabolize BEN. Adding NADH to the lysed RBCs incubation, however, restored the ability of lysed RBCs to metabolize BEN. Adding NADPH partially restored the ability of lysed RBCs to metabolize BEN (Fig. 3) .
BEN blood to plasma concentration ratio
We determined the blood to plasma concentration ratio of BEN by measuring the amount of BEN added to 50 % RBCs in plasma and added to plasma as described in Methods section. The average plasma to whole blood partition ratio was found to be 1.25 ± 0.08. The amount of BEN detected in the blood remained nearly constant throughout the experiment (data not shown), indicating that the equilibrium between RBCs and plasma was complete by 5 min.
Determination of V max and K m
We determined the metabolism of BEN at different concentrations in 10 % RBCs. We found that a starting concentration of 5000 ng/mL captured both the saturable and linear components of BEN metabolism. In addition, starting concentrations below 400 ng/mL appeared to display linear metabolism, see Fig. 4 . Next, we evaluated six different lots of blood for the metabolism of BEN. Based on the exploratory data, we choose to perform the metabolism of BEN using 5000 and 400 ng/mL to best capture the apparent V max and K m of BEN in blood. The apparent K m ranged from 196.3 to 799.6 ng/Ml, and the apparent V max ranged from 65.4 to 113.2 ng/mL Table 1 and Figure S1.
Metabolism using purified ALDH isoforms
To determine whether ALDH is responsible for the metabolism of BEN, we assessed the metabolism of BEN with the commercially available isoforms of ALDH. These included ALDH1A1, 2, 3A1, and 5A1. Activity of the purified ALDH isoforms was confirmed with appropriate substrates and cofactors, see Figure S2 . ALDH1A1 was the only isoform that showed the ability to metabolize BEN. In three independent experiments, the rate of disappearance of BEN was 0.172, 0.224 and 0.154 ng/min/ µg of enzyme, see Fig. 5 for a representative experiment. Disulfiram did not inhibit the reaction of ALDH1A1. This is likely due to the fact that disulfiram is inactivated by the dithiothreitol present in the reaction mixture, thereby preventing it from inhibiting ALDH. Furthermore, the addition of 100× of the ALDH1A1 and IgG antibodies did not inhibit the metabolism of purified ALDH1A1 (data not shown).
Immunoprecipitation of RBCs
We performed immunoprecipitation of RBCs with antibodies for ALDH1A1. The purpose was to deplete ALDH1A1 enzyme, preventing BEN metabolism, thereby implicating it in the metabolism of BEN by RBCs. Despite our best efforts, however, the control RBC experiment with no antibodies added would not metabolize BEN after being subjected to the immunoprecipitation procedure. In an attempt to preserve metabolism of BEN with RBCs, we varied the amount of protease inhibitors and concentration of the different buffer used, without success (data not shown).
Western blot
To determine whether RBCs have ALDH1A1 and to test whether the ALDH1A1 antibody used for the immunoprecipitation experiment would bind to the enzyme, we performed a Western blot assay. The Western blot showed a band in the 55 kDa region, which is the size of ALDH1A1 enzyme (55 kDa) (Fig. 6) . 
Discussion
BEN is an alkylating agent currently being investigated in phase I clinical trials. BEN has structural similarities to both busulfan and melphalan. As with related alkylators, we have previously shown that BEN undergoes hydrolysis in blood and plasma [12] . In whole blood, but not in plasma, BEN is rapidly converted to its carboxylic acid analogue BA, suggesting conversion by an enzyme present in red blood cells. In plasma, BEN and BA decompose according to a parallel pathway to a number of hydroxylated and chlorinated analogues [12] . The in vitro half-life of BA in plasma is very short at ~5 min compared with that of BEN at 22 min. Previously reported data suggest that BA is more reactive than BEN, and BA represents the effector of DNA alkylation [12] . In the current study, we show that the activation of BEN to BA is mediated by ALDH1A1. The ability of NADH supplementation to restore the ability of lysed RBCs to metabolize BEN suggested an enzymatic reaction requiring NADH as a cofactor. The inability of carbon monoxide to inhibit metabolism indicated that hemeproteins are not responsible for the metabolism of BEN, while the inability of nitrogen to abolish metabolism suggests oxygen is not required. Menadione did not abolish BEN metabolism, while disulfiram did abolish BEN metabolism, suggesting that ALDH activity was responsible for BEN metabolism to BA.
Using commercially available purified ALDH isozymes, we evaluated the ability of ALDH1A1, 3A1, 2, and 5A1 to metabolize BEN into BA. Only ALDH1A1 could be shown to metabolize BEN into BA. We also performed the metabolism of BEN with purified ALDH1A1 in the presence of 1A1 antibody, which was successful in binding the enzyme as evidenced by the Western blot experiments of RBCs. The ALDH1A1 antibody was not able to inhibit the reaction. This result may be explained by the antibody binding to an ALDH1A1 epitope without hindering ALDH1A1 metabolic activity. Disulfiram did not slow the metabolism, which may be due to disulfiram inactivation by dithiothreitol, a reducing agent required for to keep ALDH in a reduced state.
ALDHs are NAD(P)+-dependent enzymes that metabolize both aromatic and aliphatic aldehydes into carboxylic acids [16] . While this process generally detoxifies aldehydes, the metabolism of BEN to BA represents an increase in potency [12] . Although we evaluated four different ALDH isozymes for their ability to metabolize BEN to BA, there are 19 different known human isoforms of ALDH, and we cannot exclude the possibility that ALDH isozymes other than ALDH1A1 are capable of this conversion.
The apparent V max and K m of BEN were determined in six different lots of blood to evaluate biological central tendency and variability. BEN displayed saturable kinetics. Although there was variability, all lots of blood displayed K m values within an order of magnitude of the exposures observed in mice (16 ng/mL, after 20 mg/kg BEN equivalent to 60 mg/m 2 in humans), or in humans (14.5 ng/mL after 9 mg/m 2 ) [10, 13] . Therefore, we would expect linear kinetics of BEN in humans. The intersubject variability for V max and K m was 22 and 41 % CV, respectively. This is not surprising as the inter-individual biological variability for the quantity of certain enzymes can be as much as 73 % and the inter-individual activity of, e.g., CYP3A4 can range from 200 to 300 % [17, 18] . In addition, there are two known polymorphism of ALDH1A1, ALDH1A1*2 and ALDH1A1*3 [19] . These polymorphisms occur in 7 % of the population and are responsible for reduced enzymatic activity [20] . Reduced ALDH activity may also be caused by comedication, including disulfiram (Antabuse™), an irreversible inhibitor of certain isoforms of ALDH, prescribed to treat chronic alcoholism [21] , and furazolidone, used in the treatment of Helicobacter pylori infection [22, 23] . The impact of ALDH1A1 polymorphisms and inhibitory comedication on the pharmacokinetics and pharmacodynamics of BEN remains to be investigated. In conclusion, BEN has shown promising in vitro and in vivo activity and is currently being studied in a phase I clinical trial with documented clinical responses (ClinicalTrials.gov Identifier: NCT00923520) [10] . In this paper, we demonstrate that ALDH1A1 likely is the enzyme that is responsible for the conversion of BEN to its active metabolite BA. Cancers that are known to overexpress ALDH1A1 may be a target for BEN. It is noteworthy to mention that certain tumor stem cells have been found to over express ALDH1A1 and that BEN may be an ideal candidate for these cells as well [24, 25] . Future patients enrolled on trials of BEN should have their tumors analyzed for ALDH1A1 expression as a potential predictive marker of response.
